Abstract
believed to involve the deregulation of genes that are critical to cellular processes such as cell cycle control, cell growth, apoptosis, and cell migration and spreading. In the past decades, studies have focused on investigating the genes and proteins underlying the development and progression of NSCLC [2] . Recently, more and more evidence showed that miRNAs play important roles in regulating NSCLC progression [3] .
MiRNAs are endogenous non-coding 20 to 22 nucleotide RNAs that have been identified as post-transcriptional regulators of gene expression [4] . They regulate gene expression at the transcriptional and post-transcriptional level by completely or incompletely binding to the 3'-UTR of their target gene messenger RNA (mRNA) and by repressing the translation or promoting the degradation of the target gene to exert biological functions [5] [6] [7] . Increasing evidence showed that miRNAs play pivotal roles in tumorigenic processes including cellular differentiation, proliferation, angiogenesis, cell death, apoptosis, and invasion [8] . MiRNAs are deregulated in several diseases including cancers, where they play important roles by regulating the expression of various tumor oncogenes and suppressors [9, 10] . MiRNAs will hopefully be applied in clinical cancer diagnosis, therapy, and prognosis [11] . To date, deregulated miRNAs and their roles in NSCLC development have attracted much attention. Some of them, including miR-21, miR-34a, miR-124, miR-148, miR-204, miR-221,miR-452, miR-497 and miR-509, et al, have been reported to participate in the initiation and progression of NSCLC and modulate the biological properties of cancer cells [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . However, the role of miR-142-5p in NSCLC tumor development and metastasis has only recently been investigated and remains largely unknown.
In the present study, we investigated the role of miR-142-5p in NSCLC. Our results showed that the expression of miR-142-5p was down-regulated in NSCLC cells and tissues compared to paired adjacent non-tumor bone tissues. Moreover, in vitro experiments proved that miR-142-5p inhibited cell proliferation, migration and invasion in the NSCLC cells. In addition, PIK3CA was identified as a novel direct target gene of miR-142-5p. Our findings suggested that miR-142-5p has a tumor suppressive effect in NSCLC by inhibiting cell proliferation and invasion.
Materials and Methods

Cell culture and human tissue samples
The human embryonic kidney-derived cell line HEK293T, human NSCLC cells lines (A549, SPCA1, H1066, H460 and H358) and normal lung fibroblast cell line HLF were maintained in Dulbecco's modified eagle's medium (DMEM, Hyclone, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (GIBCO, NY, USA) and streptomycin (100 mg/ml), penicillin (100 U/ml). Cultures were incubated at 37°C with 5% CO2 in a humidified incubator.
Eighty three pairs of human NSCLC tumor tissue and adjacent non-tumor tissue samples were obtained immediately after resection from patients undergoing primary surgical treatment in Sun Yat-sen University Cancer Center, Guangdong, China. The tissue samples were frozen in liquid nitrogen and stored at -80°C until use. Written consent for research purposes was obtained from the patients before tissue collection and the protocol was approved by the Institutional Review Board of Sun Yat-sen University.
Transfection
Cells were transfected with 20 nmol/L of miR-142-5p mimic, miR-142-5p inhibitor or nonrelative control (NC) duplex (GenePharma, Shanghai, China) and PIK3CA siRNAs or NC siRNA (Ribobo, Guangzhou, China) using FuGene HD transfection reagent (Roche, Indianapolis, IN, USA) according to the manufacturer's protocol.
RNA extraction and quantitative real-time RT-PCR analysis
Total RNA was extracted from human tissues or cell lines using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's protocol. For miRNA detection, 2 μg of small RNA was reverse transcribed to cDNA using miRNA First-Strand cDNA Synthesis kit (Invitrogen) Cell viability and colony formation assays Cell proliferation was analyzed by Cell Titer-Blue cell viability assay (Promega Corporation, Madison, WI, USA) according to the manufacturer's instructions, and the fluorescence ratios were recorded using a multi-plate reader (Synergy 2, BioTek, Winooski, VT, USA). Cell viability was determined at 1, 2, 3, 4 and 5 days after transfection. In addition, 2000 transfected A549 and SPCA1cells were seeded in fresh 6-well plates in triplicate and maintained in DMEM containing 10% FBS for 2 weeks. Next, cell colonies were fixed in 20% methanol and stained with 0.1% coomassie brilliant blue R250 at room temperature for 15 min. Finally, the colonies were counted using an ELIspot Bioreader 5000 (BIO-SYS, Karben, GE).
Tumorigenicity assays in nude mice
Male BALB/c nude mice (5 to 6 wk of age) were obtained from Shanghai Experimental Animal Center (Shanghai, China). Animal handling and experimental procedures were approved by the Animal Experiments Ethics Committee of Sichuan Medical University. For in vivo tumorigenicity assay, all pyrimidine nucleotides in the miR-142-5p mimic, miR-142-5p inhibitor or NC duplex were substituted by their 2'-O-methyl analogues to improve RNA stability. MiR142-5p mimic or miR-142-5p inhibitor transfected A549 cells (1×106) were suspended in 100uL PBS and then injected s.c. into left side of the posterior flank of 6 BALB/c nude mice, respectively. NC transfected or nontransfected A549 cells (1×105) were injected subcutaneously into right side of same 12 mice. Tumor growth was examined daily and the tumor volumes were calculated every week using the formula for hemi-ellipsoids: V =length (cm) ×width (cm) ×height (cm) ×0.5236. After 5 weeks, the mice were sacrificed and the tumors were dissected and photographed.
Cell migration and invasion assay
For the cell migration assay, 2×10
5 transfected A549 cells in serum-free media were seeded in the upper chamber of transwell units (Corning, NY, USA) with 8μm pore size polycarbonate filter under serum free condition. The lower chamber was filled with 500μL DMEM containing 10% FBS. After incubation for 24h, cells on the upper surface of the filter were completely removed by wiping with a cotton swab. Then the filters were fixed with 4% paraformaldehyde and stained with 0.1% coomassie brilliant blue R250 for 20 min. The number of cells that migrated through the pores to the lower surface of the filter was counted and analyzed with a digital microscope system (IX81; Olympus). Triplicate samples were acquired and the data were expressed as the average cell number of 5 fields. For the cell invasion assay, the similar protocol of cell migration assay was used except that the transwell units were pre-coated with 200μg/ml Matrigel (BD Biosciences, San Jose, CA, USA) and incubated overnight. Cells that had invaded the Matrigel and reached the lower surface of the filter were counted.
Western blotting analysis
Proteins were extracted using a modified RIPA buffer with 0.5% sodium dodecyl sulfate (SDS) and the proteinase inhibitor cocktail (Complete Mini, Roche). Equal amounts of protein were separated on 10% SDS-PAGE gel, and then transferred to a PVDF membrane (Immobilon P-SQ, Millipore, Billerica, MA, USA). After blocked with 5% non-fat dried milk, the membrane was incubated with anti-PIK3CA (Abcam, England) at 1:1000 dilution and anti-GAPDH antibody (Proteintech, Chicago, USA) at 1:20, 000 dilution. After washing with TBST (10 mM Tris, pH 8.0, 150 mM NaCl, and 0.1% Tween 20), the membranes were incubated with HRP-conjugated goat anti-rabbit antibody or goat anti-mouse antibody (1:10000 dilution, KPL, Gaithersburg, MA,USA) for 2 h at room temperature. Proteins bands were visualized using ECL reagents (Pierce, Rockford, IL, USA).
Luciferase reporter assay
The 3'-UTR fragment of PIK3CA (Genbank accession no. NM_006218.3) containing the putative binding sequence was amplified using the primers 5'-AAAGATAACTGAGAAAATGAAAGCTC-3' (forward) Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry and 5'-GAAGAAAGCTGACCATGCTGCTATG -3' (reverse). The resulting PCR product was cloned into a firefly luciferase reporter vector (pGL3; Promega Corporation, Madison, WI, USA), and termed pGL3-PIK3CA-3'UTR. A plasmid that carried mutations in the complementary sites for the seed region of miR-142-5p was generated based on the pGL3-PIK3CA-3'UTR plasmid using a MutanBEST Kit (Takara Bio Inc., Shiga, JP), and termed pGL3-PIK3CA-3'UTR-mut. The correctness of the plasmids was confirmed by sequence analysis. HEK293T cells were co-transfected pGL3-PIK3CA-3'UTR or pGL3-PIK3CA-3'UTR-mut and the miR-142-5p mimic or NC duplex. The cells were collected 48 hrs after transfection, and were analyzed for luciferase activity using the dual-luciferase reporter assay kit (Promega Corporation). The pRL-TK construct (Promega Corporation, Madison, WI, USA) was also transfected as a normalization control.
miRNA target prediction TargetScan (http://www.targetscan.org) and MiRanda (http://www.microrna.org/microrna/home. do) was used to in silico predict miRNA targets and conserved sites bound by the seed region of miR-142-5p.
Statistical analysis
Data were presented as the means ± standard deviation of at least three experiments. Statistical analysis was performed using SPSS 15.0. A one-way analysis of variance (ANOVA) test, least significant difference (LSD) test, Chisquare test and Student's t test were used for statistical analysis.
Results
Expression of miR-142-5p is downregulated in NSCLC tissues and cell lines
To investigate the relevance of miR-142-5p in NSCLC, we first set out to measure its expression in 83 pairs of tumor versus adjacent non-tumor tissues by qRT-PCR. MiR-142-5p was found to be down-regulated in tumor tissues compared to the non-tumor tissues tested (Fig. 1A) . In addition, we examined the expression of miR-142-5p in human NSCLC cells lines (A549, SPCA1, H1066, H460 and H358) and in normal lung fibroblast cell line HLF using qRT-PCR. As shown in Fig. 1B , the expression of miR-142-5p was much lower in five NSCLC cell lines than that in HLF.
miR-142-5p inhibits NSCLC cell proliferation, migration and invasion
Cells were firstly transfected with miR-142-5p mimics, inhibitors or negative control, which showed high transfection efficiency (data not shown). Cell viability assay showed that cell proliferation capacity was reduced in miR-142-5p mimics-transfected the A549 and 
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
SPCA1 cells compared with either the NC duplex-transfected cells or the untreated cells ( Fig.  2A) . Conversely, miR-142-5p inhibitor significantly promoted the cell proliferation of the A549 and SPCA1 cells ( Fig. 2A) . These results indicated that the miR-142-5p significantly suppressed the cell proliferation of the NSCLC cells.
To validate the inhibitory effect of miR-142-5p on cell proliferation, the colony formation assay was performed in A549 and SPCA1 cells transfected with or not, miR-142-5p mimic, miR-142-5p inhibitor or NC duplex. As showed in Fig. 2B, A549 and SPCA1 cells transfected with miR-142-5p mimic displayed much fewer and smaller colonies (471 or 692 colonies) compared with NC duplex transfected (1062 or 1769 colonies) and nontransfected cells (1039 or 1721 colonies), but cells transfected with miR-148a-3p inhibitor displayed much more and larger colonies (1824 or 2168 colonies).
To further confirm the above findings, an in vivo mouse model was used. For the duration of the treatment with miR-142-5p mimic or miR-142-5p inhibitor for 5 weeks, tumor volume curves revealed a significant decrease in growth rates at the 3rd, 4th and 5th week after treatment with miR-142-5p mimic and a significant increase in growth rates at the 4th and 5th week after treatment with miR-142-5p inhibitor whereas no significant differences in tumor growth rates were observed between the NC group and the ctrl group (Fig. 2C) . These results indicate that introduction of miR-142-5p significantly inhibits tumorigenicity of A549 cells in xenograft nude mouse model. To further investigate the effect of miR-142-5p on A549 and SPCA1 cells migration and invasion, we transfected the cells with miR-142-5p mimics, inhibitors or negative control and then evaluated migration and invasion ability of NSCLC cells. As the Fig. 3A shown, the cells that were treated with the miR-142-5p mimic were distinctively less migratory than the scrambled control or untreated cells. By contrast, the miR-142-5p inhibitor significantly increased the cell migration of the NSCLC cells. Furthermore, we conducted cell invasion Matrigel assays and then stained the invaded cells to measure the directional invasion ability of the cells after ectopically expressing miR-142-5p in cells. The invasiveness of the cells that were transfected with the miR-142-5p mimic was dramatically decreased compared with the scrambled control and untreated cells. Conversely, the miR-142-5p inhibitor significantly increased the invasiveness of the NSCLC cells (Fig. 3B ). These observations suggest that miR-142-5p had an important role in reducing the migration and invasion of NSCLC in vitro.
PIK3CA is a direct target of miR-142-5p
As is well known, miRNAs exert their function through suppressing the expression of their target genes. To better understand the molecular mechanisms of miR-142-5p, we performed bioinformatics analyses the using the miRNA target analysis tools TargetScan and MiRanda in order to predict putative miRNAs binding to the PIK3CA 3'-UTR. According to the analysis, the programs predicted that a binding sequence in the 3'-UTR of PIK3CA was a very good match for the miR-142-5p seed (Fig. 4A) . The bioinformatics analysis thus indicated a potential functional link between PIK3CA and miR-142-5p.
Furthermore, we performed a luciferase reporter assay to further confirm whether miR-142-5p can directly target the 3'-UTR region of PIK3CA in NSCLC cells. Both the PIK3CA wildtype 3'-UTR containing the miR-142-5p-binding site and a mutated PIK3CA 3'-UTR sequence were cloned into modified pGL-3 luciferase reporter vectors, which were co-transfected into A549 cells together with NC, the miR-142-5p mimic, or miR-142-5p inhibitor. As shown in Fig.  4B , miR-142-5p over-expression significantly reduced the luciferase reporter activity by the PIK3CA 3'-UTR in a consistent manner, and inhibition of miR-142-5p had the opposite effect. However, PIK3CA 3'-UTR luciferase reporter activity was unaffected by point mutations in 
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Discussion
Accumulating evidence demonstrates that miRNAs have important roles in NSCLC progression and directly contribute to the cell proliferation, avoidance of apoptosis, and metastasis of NSCLC [26] [27] [28] . Identifying the miRNAs and their targets that are essential for NSCLC progression may provide promising therapeutic opportunities. Previously, miR-142 displays a functional role in various cellular fuctions and disease, including cancer, virus infection, inflammation, and immune tolerance [29] . It has been reported that miR-142-5p suppresses TGF-β-induced growth inhibition by targeting SMAD3in cancer cells [30] ; miR-375 and miR-142-5p regulate several oncogenic genes of TP53, MAPK and Wnt signal pathways in gastric cancer [31] ; miR-142-5p inhibits cell growth and induce apoptosis by regulating FOXO in HCC [32] ; miR-142-5p, targeting CLDN1, plays an important role in Hashimoto's thyroiditis (HT) pathogenesis [33] ; downregulated miR-142-5p significantly reduced cell migration and invasion in HCC [34] . In the current study, we found miR-142-5p was down-regulated in NSCLC cells. In addition, we analyzed the expression of miR-142-5p in NSCLC patients and found that the expression of miR-142-5p was much lower in NSCLC tissues in comparison with paired adjacent non-tumor bone tissues. All of these evidences indicated that miR-142-5p might play a significant part in the development of NSCLC. Then, we performed functional assays. Ectopic expression of miR-142-5p significantly inhibited NSCLC cell proliferation, migration and invasion. These findings suggested that miR-142-5p might act as a tumor suppressor gene whose down-regulation may contribute to the progression and metastasis of NSCLC.
PI3K is a lipid kinase and generates phosphatidylinositol-3, 4, 5-trisphosphate (PI(3, 4, 5)P3), which functions as a second messenger for Akt activation [35, 36] . Activated Akt protein modulates cell proliferation through numerous downstream targets, such as Bad, procaspase-9, mammalian target of rapamycin (mTOR), glycogen synthase kinase-3 (GSK-3), Cyclindependent kinase inhibitors, P21 and P27 [37] . PIK3CA is known to be an oncogene component of phosphatidylinositol 3-kinase (PI3K) signaling pathway and is implicated in cell proliferation and carcinogenesis in many human cancers [38, 39] . PIK3CA was significantly upregulated in gastric cancer tissues and miR203 inhibits cell proliferation and invasion via directly targeting and suppressing the PIK3CA expression [40] ; miR-1 may play an important role in the pathogenesis of non-small cell lung cancer (NSCLC) by regulating PIK3CA through the PI3K/Akt pathway [41] ; miR-19a acted as an oncogenic miRNA regulating renal cancer cell proliferation, migration and invasion by directly targeting PIK3CA [42] ; miR-490-5p functions as a tumour suppressor in renal carcinoma by targeting PIK3CA [43] ; miR-375 suppressed CRC cell proliferation and colony formation and led to cell cycle arrest by targeting PI3K/Akt signaling pathway [44] ; miR-134 and miR-370 could play a fundamental role in suppressing colorectal cancer tumorigenesis by independently targeting EGFR and PIK3CA [45] ; miR-124-mediated reduction of PIK3CA, resulting in suppression of PI3K/Akt pathway, plays an important role in inhibiting hepatocellular carcinoma (HCC) tumorigenesis [46] ; miR-422a inhibited cell proliferation, invasion, and migration by targeting PIK3CA, and the miR-422a/PIK3CA axis may constitute a potential target for glioblastoma multiforme (GBM) therapy [47] ; PIK3CA expression was found to be increased in human papillary thyroid carcinoma (PTC) tissues and was regulated by miR-363-3p [48] ; MiR-375 functions as a growth-suppressive miRNA and plays an important role in inhibiting the tumorigenesis through targeting PIK3CA in osteosarcoma [49] . In the current study, further investigation was conducted to explore the molecular mechanism by which miR-142-5p suppressed NSCLC cell growth, migration and invasion. In this study, we identified PIK3CA as a functional target of miR-142-5p, and verified the positive effects of PIK3CA on NSCLC cell proliferation, migration and invasion using RNA interference. These results indicated that miR-142-5p might function as a tumor suppressor partly mediated by repressing PIK3CA expression in NSCLC.
